Male Long-Evans rats were injected with 32 ng/l of the N-methyl-D-aspartate (NMDA) receptor antagonist 3-(2-carboxypiperazin-4-yl) propyl-1-phosphonic acid (CPP) or vehicle and trained to locate a hidden platform in a different location (reversal training) than used on the initial 4 days of training. Rats treated with vehicle or CPP into the dorsal hippocampus, basolateral amygdala, or mediodorsal striatum had similar latencies to locate the platform on the reversal day. Rats infused with CPP into the dorsal hippocampus or mediodorsal striatum failed to search preferentially in the novel location during a 24-hr, drug-free retention test, whereas all other groups searched preferentially in this location. Therefore, blocking dorsal hippocampal or mediodorsal striatal NMDA receptors selectively blocked long-term spatial retention without producing short-term performance deficits.
Lesions or temporary inactivation of the dorsal hippocampus reliably disrupt performance on the hidden platform water maze task but not the visible platform task (cf. Cassel et al., 1998; Duva et al., 1997; McDonald & White, 1994; Morris, Garrund, Rawlins, & O'Keefe, 1982; Moser, Moser, Forrest, Andersen, & Morris, 1995; Oswald et al., 2003; Sutherland, Kolb, & Whishaw, 1982; Sutherland, Whishaw, & Kolb 1983) . Swimming in the periphery of the pool or impairments in platform mounting (Cain, 1997 ) may contribute to the increased latencies observed in rats with impaired hippocampal function. As such, rats with impaired hippocampal function often do show some learning on the hidden platform task, suggesting that hippocampal lesions or N-methyl-D-aspartate (NMDA) blockade may impair the procedural (learning how to swim to the platform) rather than spatial (learning the platform location) aspects of the task (Whishaw, Cassel, & Jarrard, 1995; Whishaw & Jarrard, 1996) .
The ability of rats with hippocampal lesions to show some learning on the hidden platform version of the water maze task may also result from a second neural system processing spatial information. One system may be the mediodorsal striatum. The mediodorsal striatum receives inputs from subcortical and cortical structures (Alexander, DeLong, & Strick, 1986; Groenewegen, Berendse, Wolters, & Lohman 1990; Groenewegen, VermeulenVan der Zee, te Kortschot, & Witter, 1987; McGeorge & Faull, 1989) , including visual, auditory, and associational cortices (McGeorge & Faull, 1989) . Previous reports (Devan, Goad, & Petri, 1996; Devan, McDonald, & White, 1999; have shown that lesions of the medio-but not laterodorsal striatum impaired place responding during a water maze competition test, deficits that were similar to hippocampal lesions, suggesting that the mediodorsal striatum contributes to spatial navigation.
NMDA receptors are thought to underlie certain forms of learning and memory (Bliss & Collingridge, 1993; Collingridge & Bliss, 1987; Martin, Grimwood, & Morris, 2000) , and evidence suggests that impeding NMDA receptor function can mimic the effects of hippocampal lesions on spatial tasks (Åhlander, Misane, Schött, & Ö gren, 1999; Bannerman, Good, Butcher, Ramsay, & Morris, 1995; Heale & Harley, 1990; Liang, Hon, Tyan, & Liao,1996; Riekkinen & Riekkinen, 1997; Robinson, Crooks, Shinkman, & Gallagher, 1989; Shapiro & Caramanos, 1990; Steele & Morris, 1999) . However, the effect of blocking NMDA receptors in the mediodorsal striatum on spatial navigation is not known.
The present work measured the strength of spatial behaviors directed toward water maze locations acquired under drug-free states or under conditions of NMDA blockade in the dorsal hippocampus, basolateral amygdala, or mediodorsal striatum. In a recent study (McDonald, Hong, Craig, Holahan, Louis, & Muller, 2005) , rats injected with 3-(2-carboxypiperazin-4-yl) propyl-1-phosphonic acid (CPP) (intraperitoneal or intrahippocampal) before reversal learning were impaired on a 24-hr drug-free retention test but had no deficits when the drug was active. In the present study, we sought to replicate and extend this finding. Based on previous lesion work (Decker, Curzon, & Brioni, 1995; Liang, Hon, & Davis, 1994; Liang, Hon, Tyan, & Liao, 1994; Roozendaal, Sapolsky, & McGaugh, 1998; Spanis, Bianchin, Izquierdo, & McGaugh, 1999; Sutherland & McDonald, 1990) , it was hypothesized that intra-amygdala NMDA blockade would have no effect on spatial retention. On the basis of the work of , who suggested that the mediodorsal striatum may be required to execute hippocampal representations into behavior, we hypothesized that the mediodorsal striatum would not be a site of plasticity and, therefore, NMDA blockade in this region would have no effect.
Our results confirm and extend findings that NMDA receptor blockade in the dorsal hippocampus impairs the long-term retention but not the short-term performance of a spatial task. As not shown previously, NMDA receptor blockade in the amygdala apparently plays no role in either performance or retention. Our initial hypothesis that blockade of NMDA receptors in the mediodorsal striatum would have no effect on plasticity was not confirmed. Rather, we found that NMDA blockade in the mediodorsal striatum impaired spatial retention but not performance of the task, similar to hippocampal NMDA receptor blockade.
Materials and Method

Subjects
Subjects were 45 male, Long-Evans rats (Charles River, St. Constant, Québec, Canada) that weighed 300 to 350 g at the start of the experiment. They were housed individually with free access to food (Purina Rat Chow) and tap water. The temperature (22°C) and reversed light-dark cycle (lights on at 10 p.m., lights off at 10 a.m.) of the environment were controlled. Care of the rats conformed to guidelines set by the Canadian Council on Animal Care.
Surgery
Rats were anesthetized with isoflurane gas and chronically implanted with bilateral guide cannulas into the dorsal hippocampus, basolateral amygdala, or mediodorsal striatum. Using standard stereotaxic techniques with the tooth bar set at -3.5 mm (Paxinos & Watson, 1998) , the experimenter placed the cannulas tips (26 gauge; 8 mm for the hippocampus, 11 mm for the amygdala, and 9 mm for the mediodorsal striatum) at coordinates (in mm from bregma and skull) AP -4.0, ML Ϯ2.5, DV -1.9, n ϭ 14 for the dorsal hippocampus; AP -2.7, ML Ϯ5.0, DV -6.4, n ϭ 15 for the amygdala; and AP ϩ 0.7, ML Ϯ2.5, DV -3.5 for the mediodorsal striatum. Cannulas were anchored to the skull with two screws and dental cement and kept patent with removable stylets. Following surgery, each rat was given 0.3 ml penicillin (300,000 l) and placed into a heated holding cage. After recovery from anesthesia, the rats were given a subcutaneous injection of temgesic and allowed to recover for 1 week before the behavioral procedure began.
Apparatus
The water maze was a white plastic cylinder 185 cm in diameter, 60 cm high (26,886 cm 2 ), and filled to a depth of 35 cm with 22°C water made opaque with 300 l of white nontoxic tempera paint. The hidden platform (clear Plexiglas; 10-cm diameter; 78.5 cm 2 ) was 1 cm below the surface of the water. The pool was located in a 2.5 ϫ 2.5-m test room adjacent to the rat housing room. The test room was illuminated by two overhead fluorescent lights and contained a space heater that was on during all behavioral procedures. The room contained a colored poster on the west wall, a black tapestry on the north wall, a TV camera on the ceiling above the center of the pool, and a table at the south end of the pool on which a computer (monitor and CPU) and a TV monitor were located. The experimenter stood in front of the computer and was visible from the pool. The door to the room was behind the experimenter. Swimming behavior was tracked using HVS software (HVS Image, UK).
Water Maze Training, Day 1 to Day 4
Rats were handled for 5 min on each of 4 days before beginning water maze training. For training, rats were placed into separate hanging wire cages contained on a rack. The rack was wheeled from the rat housing room into the test room and placed in the southwest corner, thereby providing another cue. Rats were trained in the water maze for 4 days with eight spaced trials per day. On each trial, a rat was launched from one of the four cardinal compass points (pseudorandomly selected). For all 4 training days the hidden platform was in the middle of the southeast quadrant of the pool for hippocampus-implanted rats, in the northeast quadrant for amygdala-implanted rats, and in the southwest quadrant for mediodorsal-striatum-implanted rats. On each trial, the rats were allowed to swim freely for up to 60 s. If a rat did not find the platform, the experimenter guided it there. Each rat remained on the platform for 15 s. Latency to find the platform was recorded for each trial.
Rats were run in squads of 7 to 8 rats. Rats with implants in the three different sites were run consecutively over 3 months so that all rats with hippocampal implants were run first, followed by rats with amygdala implants, and then rats with mediodorsal striatum implants. The rats received trials in a fixed order such that each rat in a squad swam all eight trials followed by a new set of trials after all rats in the squad had been run. This meant a 5-min minimum and a 10-min maximum intertrial interval for an individual rat.
Injections, Day 5
Twenty-four hr after the 4th training day, rats were randomly assigned to receive an injection of the competitive NMDA antagonist CPP or artificial cerebral spinal fluid (ACSF). The drug was mixed fresh the morning of the injections at a concentration of 32 ng/l in ACSF. This concentration was chosen as it impairs acquisition on the hidden platform water maze task when injected into the hippocampus (Riekkinen & Riekkinen, 1997) . Drug or vehicle was back-filled into the injectors (32-gauge stainless steel tubing that extended 1 mm beyond the guide cannulas for the hippocampus and striatum and 1.5 mm beyond the guide cannulas for the amygdala) with a 10-l Hamilton syringe connected to the injector via polyethylene (PE) 10 plastic tubing. For each injection, the rat was removed from its home cage in the rat housing room and brought into a separate room where the injection system was located. The experimenter held each rat during the injection. For the hippocampus and striatum injections, 1 l CPP (n ϭ 7 hippocampus and n ϭ 8 striatum) or vehicle (n ϭ 7 hippocampus and n ϭ 8 striatum) was injected at a rate of 0.33 l/min with a 2-min diffusion period. For the amygdala, 0.5 l CPP (n ϭ 7) or vehicle (n ϭ 8) was injected at a rate of 0.25 l/min with a 2-min diffusion period. Volumes were chosen based on the different volumes of each structure. Thirty min were required to inject half of the rats in a squad.
Water Maze Training, Day 5
Thirty min after the 1st rat was injected, rats were individually placed into their hanging wire cage and wheeled into the testing room. On this day, the hidden platform was located in a different quadrant than that used during the initial 4 days of training: northwest quadrant for the hippocampus-implanted rats, southwest quadrant for the amygdalaimplanted rats, and northeast quadrant for the mediodorsal-striatumimplanted rats. Each rat received 16 spaced trials to locate the new platform position. The entire training session on this day for each half squad was less than 1 hr. The experimenters who trained the rats did not know which rats were injected with CPP or ACSF. Each squad included half CPP-and half ACSF-injected rats.
Probe Test, Day 6
On the 6th day, the rats were individually placed into their hanging wire cage and wheeled into the testing room. There was no platform in the pool on this day, and rats were not injected. The launch point for the probe trial was located halfway between the original and reversal platform areas. The probe trial lasted 30 s (see Blokland, Geraerts, & Been, 2004) and is considered to be a measure of the strength of spatial learning (Cassel et al., 1998) .
Measures were made for each rat on the amount of time spent searching near the original platform location and the reversed platform location. The region of interest used to indicate a spatial preference was an annulus 6 times the platform diameter and centered on either of the two positions. The 60-cm diameter area (2,826 cm 2 ) equals 10.5% of the pool area. We believe this symmetrical region of interest more accurately reflects spatial preference because rats are searching in an area closely associated with one of the platform locations. The circular region of interest neglects time spent along the wall, which likely does not reflect an informed search of a previous platform location (Blokland et al., 2004) .
Test day data were evaluated with two-way analyses of variance (ANOVAs) using group as the between factor and platform location as the within factor. In all cases, planned pairwise comparisons (within-subjects) were run on the mean percentage of time spent in the original, reversal, and control platform locations within each experimental group (Kirk, 1969, p. 73) . The conceptual unit to analyze significance for the present probe test data was the individual comparison between times spent in each of these areas for each treatment condition. Planned pairwise comparisons were applied to the data because a limited number of specific questions were being addressed (i.e., whether a treatment blocked the spatial preference). Because values compared in this type of design are orthogonal (i.e., time spent in one location does not directly affect time spent in another location), planned pairwise comparisons give the most reliable results.
Histology
Rats were given an overdose of 60 mg/kg sodium pentobarbital ip and perfused transcardially with 0.9% saline (wt/vol) followed by 10% formolsaline (vol/vol). The brains were removed and stored in 10% formol-saline for approximately 1 week after which they were placed in a 30% sucrosephosphate buffered solution for 48 hr. The brains were frozen, and 30 m sections through the injector tracks were collected using a cryostat. The sections were mounted on glass slides and stained with cresyl violet. Digital brain images were captured using Scion Image Beta 4.02 for Windows (Scion Corporation, Frederick, MD) and contrast enhanced and sharpened.
Results
Histology
Guide cannulas for the dorsal hippocampus implants penetrated the corpus callosum (see Figure 1A) . The injectors pierced the CA1 pyramidal cell layer and terminated dorsal to or within the suprapyramidal layer of the dentate gyrus granule cells (see Figure  1A) . Guide cannulas for the basolateral amygdala did not penetrate the lateral nucleus of the amygdala complex (see Figure 1B) and hence did not produce any damage to this nucleus. The injectors passed through the lateral nucleus and terminated just dorsal to or within the magnocellular and parvicellular divisions of the basolateral nucleus (see Figure 1B) . The guide cannulas for the mediodorsal striatum pierced the corpus callosum and ended in dorsal aspect of the striatum (see Figure 1C) . The injectors were centrally located on the dorsal-ventral plane and located medially on the medial-lateral plane.
Water Maze Training, Day 1 to Day 4
For all groups, two-way ANOVAs (drug treatment by day) revealed main effects of day: hippocampus, F(3, 36) ϭ 37.02, p Ͻ .0001; amygdala, F(3, 39) ϭ 155.74, p Ͻ .0001; striatum, F(3, 42) ϭ 91.95, p Ͻ .0001. However, there were no main effects of group (Fs Ͻ 1; see Figure 2A -C). These data indicate that all rats acquired the hidden platform task similarly across the initial 4 days of training. Because there were no treatments given on these days, this pattern of data was to be expected.
Reversal-Drug Day, Day 5
Rats received intrahippocampus, -amygdala, or -striatum injections of CPP or ACSF, and the hidden platform was moved to a new location. These data (see Figure 3) were analyzed with twoway repeated measures ANOVAs (drug treatment by trial). In the dorsal-hippocampus-implanted rats (see Figure 3A) , there was a significant effect of trial, F(15, 180) ϭ 5.09, p Ͻ .0001, but neither the main effect of group, F(1, 12) ϭ 2.14, p ϭ .17, nor the interaction, F(15, 180) ϭ 0.97, p ϭ .49, were significant. In the basolateral-amygdala-implanted rats (see Figure 3B) there was a main effect of trial, F(15, 195) ϭ 4.06, p Ͻ .0001, but neither the main effect of group, F(1, 13) ϭ 0.72, p ϭ .41, nor the interaction, F(15, 195) ϭ 0.35, p ϭ .99, were significant. In the mediodorsalstriatum-implanted group (see Figure 3C ), there was a significant effect of trial, F(15, 210) ϭ 19.33, p Ͻ .0001, but neither the main effect of group, F(1, 14) ϭ 0.13, p ϭ .73, nor the interaction, F(15, 210) ϭ 0.86, p ϭ .61, were significant. Therefore, the groups injected with CPP into the dorsal hippocampus, basolateral amygdala or mediodorsal striatum displayed similar rates of learning to locate the hidden platform in the new quadrant compared with their respective vehicle-injected control groups.
Probe Test, Day 6
For the probe test data, the percentage of the total amount of time (30 s) spent in an area 6 times the diameter of the location of the original platform (Day 1 to Day 4), the amount of time spent in an area 6 times the diameter of the location of the reversal platform (Day 5), and a control area were compared. The control area was the same size as that used for the original and reversal locations and was located at a point equidistant from the original and reversal locations. The percentage of time spent searching in the control area is indicated as control in Figure 4A -C. Data were initially analyzed with separate, two-way repeated measures ANOVAs (drug condition by platform location) for the dorsal hippocampus-, basolateral amygdala-, and mediodorsal-striatumimplanted rats but were also analyzed using planned pairwise comparisons (Kirk, 1969, p. 73) . The F value of each planned comparison was calculated as the difference between the mean percentage of time in each location, multiplied by the n per group, and divided by the mean-square error of the interaction term from a two-way ANOVA.
For the hippocampus-implanted groups (see Figure 4A) , the ANOVA revealed a main effect of location, F(2, 24) ϭ 11.84, p Ͻ .0001, but neither the group effect, F(1, 12) ϭ 1.13, p ϭ .31, nor the interaction, F(2, 24) ϭ 1.72, p ϭ .20, were significant. Because these statistical results were not informative, planned comparisons were conducted on the data (Kirk, 1969) .
Planned comparisons on the hippocampus data revealed that the CPP group did not spend more time searching in the reversal location, F(1, 12) ϭ 0.66, ns, whereas the ACSF group spent more time searching in the reversal location than original platform location, F(1, 12) ϭ 7.90, p Ͻ .02. Both the hippocampus CPPinjected, F(1, 12) ϭ 7.21, p Ͻ .02, and ACSF-injected, F(1, 12) ϭ 19.15, p Ͻ .01, groups spent more time searching in the original platform location than the control area. In addition, both the hippocampus CPP-injected, F(1, 12) ϭ 10.47, p Ͻ .01, and ACSFinjected, F(1, 12) ϭ 51.18, p Ͻ .001, groups spent more time searching in the reversal platform location than the control area. This suggests that the hippocampus CPP-injected group retained some information about the location of both the original and reversal platform locations. However, they were not able to show a preferential search strategy in the area associated with the most recent platform location (reversal location).
For the amygdala-implanted groups (see Figure 4B) , the ANOVA revealed a main effect of location, F(2, 26) ϭ 15.43, p Ͻ .0001, but neither the group effect, F(1, 13) ϭ 0.24, p ϭ .63, nor the interaction, F(2, 26) ϭ 0.56, p ϭ .58, was significant.
Both the CPP-injected, F(1, 13) ϭ 27.99, p Ͻ .001, and the ACSF-injected, F(1, 13) ϭ 12.85, p Ͻ .001, groups spent more time searching in the reversal location than the original platform location. In addition, both the CPP-injected, F(1, 13) ϭ 23.04, p Ͻ .001, and ACSF-injected, F(1, 13) ϭ 16.66, p Ͻ .001, groups spent more time searching in the original platform location than the control location. Therefore, the amygdala-implanted groups retained information concerning the location of the original platform and showed a preferential search strategy for the area associated with the most recent platform location (reversal location).
For the striatum-implanted groups (see Figure 4C ), the ANOVA revealed a main effect of location, F(2, 28) ϭ 16.69, p Ͻ .0001, but neither the group effect, F(1, 14) ϭ 0.001, p ϭ .97, nor the interaction, F(2, 28) ϭ 1.87, p ϭ .17, was significant.
Planned comparisons on the striatum data revealed that the CPP group did not spend more time searching in the reversal location, F(1, 14) ϭ 0.09, ns, whereas the ACSF group spent more time searching in the reversal location than original platform location, F(1, 14) ϭ 5.26, p Ͻ .05. Both the striatum CPP-injected, F(1, 14) ϭ 37.02, p Ͻ .001, and ACSF-injected, F(1, 14) ϭ 16.68, p Ͻ .001, groups spent more time searching in the original platform location than the control area. In addition, the striatum CPPinjected, F(1, 14) ϭ 12.95, p Ͻ .001, and ACSF-injected, F(1, 14) ϭ 31.35, p Ͻ .001, groups spent more time searching in the reversal platform location than the control area. This suggests that the striatum CPP-injected group retained some information about the location of both the original and reversal platform locations. However, they were not able to show a preferential search strategy in the area associated with the most recent platform location (reversal location).
Discussion
Summary
After 4 days of initial training, rats were injected with CPP or ACSF into the dorsal hippocampus, basolateral amygdala, or mediodorsal striatum and given 16 trials to locate the hidden platform in a different quadrant of the pool. All CPP groups showed similar learning rates under drug compared with their vehicle controls. Twenty-four hr after reversal learning, rats were probed for their spatial preference drug free. ACSF-injected rats, as well as rats injected with CPP into the amygdala, spent more time searching in the area associated with the reversal platform location than the area associated with the original platform location. Rats injected with CPP into the hippocampus or mediodorsal striatum on the reversal Figure 4 . Data from the 30-s probe test on Day 6 expressed as group means (Ϯ SEM). There were no intracranial injections on this day. A: Dorsalhippocampus-implanted groups. B: Basolateral-amygdala-implanted groups. C: Mediodorsal-striatum-implanted groups. Variables were percentage of total time spent swimming in an area 6 times the platform diameter where it was located on Days 1 through 4 (original), Day 5 (reversal), and an area that was equidistant from both the original and reversal locations (control). *p Ͻ .02 and *** p Ͻ .001, versus original locations; ϩ p Ͻ .02 versus control, ϩϩ p Ͻ .01 and ϩϩϩ p Ͻ .001 versus control. CPP ϭ 3-(2-carboxypiperazin-4-yl) propyl-l-phosphonic acid; ACSF ϭ artificial cerebral spinal fluid. day did not show this bias when tested drug free. This suggests that blockade of hippocampal or striatal NMDA receptors interfered with a long-term storage process for the spatial information but did not interfere with the short-term performance of the task.
Short-Term Performance
Successful completion of the water maze may be affected by the ability to generate movement patterns necessary for the proper search strategies (Whishaw, 1989) . Drug effects on sensorimotor or motivational processes necessary for normal task performance (Keith & Rudy, 1990 ) may be severely compromised as a side effect of the drug. In one study (Morris et al., 1989) , there was a tendency for the rats to fall or swim off the platform in early stages of acquiring a hidden platform water maze task when they were injected with AP5, an NMDA antagonist, into the hippocampus. Therefore, it is imperative to determine whether a drug has a direct action on an underlying plasticity mechanism or affects behavioral processes that would interfere with the ability to express indices used to infer the existence of plasticity (Bannerman, Butcher, Good, & Morris, 1997; Cahill, McGaugh, & Weinberger, 2001; Cahill, Weinberger, Roozendaal, & McGaugh, 1999; Cain, Saucier, Hall, Hargreaves, & Boon, 1996; Saucier & Cain, 1995; Saucier, Hargreaves, Boon, Vanderwolf, & Cain, 1996) .
The procedure used in the present study was developed to maximize the mnemonic demand and minimize the contribution of performance factors. When rats were injected with CPP into the hippocampus or striatum before reversal learning, their latencies to locate and mount the platform decreased similarly to those of control-injected rats. This suggests that sensory, perceptual, or motor deficits unlikely accounted for the impaired retention 24 hr later. This is similar to the results of Morris et al. (1989) , who found that AP5 injected into the hippocampus impaired learning the location of a hidden platform when it was located in a different quadrant than that used during initial learning.
Data from studies using other behavioral paradigms support the contention that deficits produced by NMDA antagonists cannot be solely based on performance or motor-motor deficits. Intraventricular injections of AP5 impaired acquisition of both a radial-arm maze and a passive avoidance task (Danysz, Wroblewski, & Costa, 1988) . Intrahippocampus AP5 impaired an object recognition task measured as the amount of time spent exploring an object (Baker & Kim, 2002) . The data from the present study, and those of Morris et al. (1989) , Baker and Kim (2002) , and Danysz et al. (1988) , suggest that blocking NMDA receptor function can impair a mnemonic process without producing overt deficits in motormotor function.
Long-Term Storage of a Spatial Representation
A more nuanced view of the importance of NMDA receptors comes from place cell recordings in which it was shown that systemic injections of CPP had no detectable effect on the development of new spatial firing patterns in a novel environment (remapping) but instead abolished the long-term stability of the remapping (Kentros et al., 1998) . It was suggested that NMDAdependent plasticity played a key role in the consolidation of the new map. In the present study, it appeared that blockade of dorsal hippocampus and mediodorsal striatum NMDA receptors impaired long-but not short-term recall of a new platform location. Injections of CPP into the amygdala during reversal training had no effect on either short-or long-term retention of the water maze task. Although Liang, Hon, Tyan, et al. (1994) showed that pre-or posttraining APV injections into the amygdala did not impair water maze learning over days, this is the first report, we believe, showing that NMDA-receptor blockade in the amygdala does not impair a more rapid form of learning.
The hippocampal results replicate and extend recent findings from this laboratory (McDonald et al., 2005) . Rats injected with CPP prior to reversal learning and tested drug free directed their spatial behavior toward the platform in the original location, whereas control rats directed their spatial behavior toward the reversal location where there was no platform. An important finding in that research was that the rats injected with CPP during reversal learning did not go to the reversal location first on the test day but, rather, to the original location, indicating the lack of a recency effect. A second finding in that research was the lack of state-dependent learning. These findings indicate that the longterm deficit observed in the present report was not based on either a recency or a state-dependent effect.
Administration of PCP (an NMDA antagonist) did not disrupt the ability of rats to perform a reversal task on a T maze (going to the left arm instead of the right for food; Handelmann, Contreras, & O'Donohue, 1987) after they had received extensive training to go to the right arm for food. When tested 24 hr later, rats injected with PCP during the reversal day chose randomly whereas rats injected with saline made more left arm entries (Handelmann et al., 1987) . Kesner and Dakis (1995) reported that intrahippocampus injections of PCP dose-dependently elevated the distance traveled to find a correct food location between days, but not within a day, when the location was moved. These data indicate that short-term processing for spatial information can occur independently of NMDA receptor activation whereas consolidation of long-term spatial information depends upon hippocampal NMDA receptor function (Kentros et al., 1998; Santini, Muller, & Quirk, 2001; Shapiro & Caramanos, 1990; Shapiro & O'Connor, 1992; Steele & Morris, 1999) .
Injections of CPP into the mediodorsal striatum blocked the long-term storage, but not short-term performance, of reversal training. This points to the possibility that the more medial aspects of the dorsal striatum are critically involved in the processing of spatial information. Devan et al. (1996) suggested that the medial aspects of the dorsal striatum may play an important role in the procedural aspects underlying place and cued versions of the water maze task, and suggested that this brain region may promote responding based on spatial information processed in the hippocampus. The present findings suggest that NMDA-receptor mediated plasticity in the mediodorsal striatum may be important for processing spatial information rather than simply serving as an "output" station for hippocampal processing.
Special attention should be paid to the selective spatial retention impairment produced by mediodorsal striatum CPP injections. Kirkby and Polgar (1974) reported that dorsal striatum lesions located medially decreased the number of avoidance responses made and increased the number of trials to criterion in a place avoidance task compared with control performance (see also Allen & Davison, 1973; Kirkby & Kimble, 1968) . Electrophysiological data have indicated that location and heading direction, both re-quired for spatial navigation, activate striatal neurons (Wiener, 1993) . In a spatial object discrimination task (De Leonibus, Lafenetre, Oliverio, & Mele, 2003) , posttraining intradorsal striatum AP-5 injections (using placements that showed some overlap with those used in the present study) impaired a mouse's ability to detect the displacement of two objects in space, indicating a deficit in the consolidation of spatial information. Andrzejewski, Sadeghian, and Kelley (2004) found that AP-5 injections into the mediodorsal striatum did not disrupt the acquisition of a nonspatial instrumental lever pressing response. Together with the present study, there is strong precedence to postulate that blockade of NMDA receptors in the mediodorsal striatum impairs plasticity required for spatial navigation. Wilson and McNaughton (1993) recorded CA1 pyramidal cells in a novel environment and noted several firing properties that were different from those found in a familiar environment. The temporal covariance of firing patterns was reduced in the novel environment, and cells that responded in the novel environment had been silent in the familiar environment (Wilson & McNaughton, 1993) . The authors suggested that exposure to the novel situation engaged a plastic mechanism allowing for the development of a new spatial map. On a radial-arm maze task where arms that were not baited during initial training were baited during reversal training (Hölscher, Jacob, & Mallot, 2003, 29) % of place cells (7/24) showed more activity in baited or unbaited arms when compared with activity in the opposite arms during initial training. These results appear to indicate that place cells may remap with reversal training. As the present results indicate and as reported by others (Kentros et al., 1998; Shapiro & Caramanos, 1990; McDonald et al., 2005; Steele & Morris, 1999) , the long-term retention of this new map acquired during reversal learning may require NMDA activation in the hippocampus. The current data also suggest that new map formation may require NMDA-receptormediated plasticity within the mediodorsal striatum. These NMDA-dependent processes during behavioral expression may form the foundation for synaptic modifications that continue during sleep (Wilson, 2002) . Indeed, it has been reported that hippocampal cells that fire together during exploration of an environment exhibit an increase tendency to fire together during sleep (Wilson & McNaughton, 1994) . It is possible that these patterns of neural activity during sleep are necessary for the "replaying" of behavioral sequences leading to a memory consolidation process (Lee & Wilson, 2002) . This consolidation process during sleep may only occur if NMDA receptors are functional during behavioral learning.
